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Abstract	
E.	 coli	 bacteria	 have	 multiple	 defense	mechanisms	for	protection	the	cells	against	oxidative	 stress,	 that	 they	 encounter	 in	their	 natural	 environments.	 One	 of	 these	defense	 mechanisms	 is	 the	 protein	 Dps,	which	can	protect	the	bacteria	against	ROS.	Dps	 has	 the	 ability	 to	 regulate	 the	condensation	 of	 DNA	 and	 to	 regulate	initiation	of	replication	by	binding	to	DnaA.	The	 number	 of	 replication	 forks,	 and	thereby	 the	 number	 of	 origins,	 has	 an	influence	 on	 the	 speed	 of	 replication.	 We	
tried	 to	 test	 if	 increase	 in	 the	 number	 of	replication	 forks	 lead	 to	 oxidative	 stress.	Furthermore	 we	 tried	 to	 test	 if	 cells	 with	∆ Dps	 were	 more	 exposed	 to	 oxidative	stress.	 All	 though	 many	 mechanisms	influence	the	replication	speed,	we	believe	that	 insertion	 of	 ectopic	 origins	 and	 the	protein	Dps	can	have	an	impact	of	the	total	replication	 speed.	Our	experiment	 showed	a	 difference	 in	 the	 doubling	 times	 of	~ 20 minutes	 between	 the	 wild-type	 and	the	strains	with	two	origins.	
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1	Introduction		The	 replication	 in	 bacteria	 proceeds	through	 three	 steps:	 Initiation,	 elongation	and	 termination	 (Nelson	 and	 Cox,	 2013).	
Escherichia	 coli	 (E.	 coli)	 bacteria	 mainly	contain	 a	 single	 origin	 of	 replication,	 oriC,	where	 the	 replication	 cycle	 initiates.	 The	initiation	step	is	tightly	regulated	in	E.	coli,	so	 that	 the	 cell	 only	 initiates	once	per	 cell	cycle.	The	initiation	step	is	regulated	by	the	DnaAATP/DnaAADP	 ratio.	 DnaA	 is	 the	initiator	 protein	 and	 is	 only	 active	 when	bound	 to	 ATP,	 and	 therefore	 occurs	
initiation	 of	 replication	 when	 the	DnaAATP/DnaAADP	 ratio	 is	 high.	Hyperinitiation	of	 replication	occurs	when	for	 example	 DnaA	 is	 mutated	 so	 it	overinitiates,	and	evidence	suggests	that	 it	leads	to	oxidative	stress	in	the	cell,	possibly	because	 of	 an	 increase	 in	 the	 number	 of	replication	 forks	 (Charbon	 et	 al.,	 2014).	Oxidative	stress	is	caused	by	an	increase	in	the	level	of	Reactive	Oxygen	Species	(ROS).	ROS	 is	 produced	 in	 bacteria	 when	 the	bacteria	 use	 oxygen	 to	 produce	 energy,	which	 is	 a	 requirement	 for	 all	 aerobe	organisms	 (Rahal	 et	 al.,	 2014).	 Another	way	 to	 stress	 the	 bacteria	 is	 to	 insert	 an	ectopic	origin	and	in	that	way	increase	the	number	of	replication	forks	(Ivanova	et	al.,	2015).	 Bacteria	 have	many	 different	ways	of	protecting	 itself	against	oxidative	stress	and	 the	 damages	 caused	 by	 oxidative	stress.	 Antioxidants	 can	 protect	 the	bacteria	 against	 oxidative	 stress	 by	reducing	 the	 ROS	 level	 (Lushchak,	 2011).	Dps	 (DNA-binding	 Proteins	 from	 Starved	cells)	 can	also	protect	 the	bacteria	 against	oxidative	 stress	 by	 decrease	 the	 level	 of	ROS.	 Furthermore	 Dps	 protects	 the	bacterial	DNA	from	ROS	by	condensing	the	DNA	 structure	 (Leonard	 and	 Grimwade,	2010).	In	this	work,	we	will	investigate	the	consequences	 of	 adding	 one	 and	 two	ectopic	 origins,	 and	 especially	 the	
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consequence,	 when	 the	 cell	 gets	 oxidative	stress.	 In	 addition	 we	 will	 examine	 the	consequences	for	bacteria	with	∆Dps.	
1.1	The	replication	cycle	Replication	 in	 bacteria	 proceeds	 through	the	 three	 steps:	 Initiation,	 elongation	 and	termination.	 The	 replication	 cycle	 starts	from	 the	 origin	 and	 continues	 until	 both	daughter	strands	are	copied.	The	initiation	of	replication	occurs	bidirectional	from	the	origin	 and	 involves	 two	 replication	 forks,	which	 are	 located	 on	 each	 of	 the	 two	daughter	strands.	The	two	replication	forks	form	a	replication	bubble	(Nelson	and	Cox,	2013).	John	Cairns	took	the	first	picture	of	an	 E.	 coli	 bacterium	 during	 replication	 in	1963,	see	figure	1.	He	labeled	the	DNA	with	tritiated	 thymidine,	 lysed	 it	 and	 took	autoradiography	 of	 the	 membrane.	 He	interpreted	the	picture	as	if	the	replication	of	the	chromosome	starts	at	the	same	point	and	 replicated	 unidirectional	 (Cairns,	1963).	 	 It	was	 first	 later	 new	 experiments	showed	 that	 the	 E.	 coli	 bacterium	replicated	 the	 chromosome	 bidirectional.	Since	it	is	one	of	the	best	pictures	taken	of	an	E.	coli	bacterium	during	replication,	it	is	still	 used	 even	 though	 it	 was	misinterpreted	at	first.		
	
Figure	1.	An	autoradiograph	of	an	E.	coli	chromosome	
during	replication.	Cairns	interpreted	the	picture	as	if	
the	replication	of	the	chromosome	starts	at	the	same	
point	and	replicate	unidirectional	(Cairns,	1963).	
oriC	 in	an	E.	coli	bacterium	consists	of	245	base	 pairs	 (bp),	 where	 45	 of	 the	 bp	functions	 as	 binding	 sites	 for	 the	 DnaA	protein.	There	are	five	binding	sites,	which	makes	 each	 of	 them	9	 bp,	 these	 are	 the	R	sites	 on	 figure	 2.	 The	 DnaA	 protein	 is	 the	main	 regulator	 of	 the	 initiation	 step	 in	replication.	DnaA	binds	ATP	and	ADP	with	the	 same	 affinity,	 but	 only	 ATP-bound	DnaA	can	activate	initiation.	In	figure	2	the	I	sites	can	only	have	DnaA	bound	in	its	ATP	form,	where	as	the	R	sites	can	bind	DnaA	in	both	 ATP	 and	 ADP	 form.	 The	 I	 sites	 have	different	nucleotide	 sequences	 as	opposed	to	 the	 R	 sites,	 which	 are	 a	 consensus	sequence.	oriC	contains	furthermore	a	DNA	unwinding	
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Figure	2.	The	structure	of	oriC	 in	E.	coli	 bacteria.	DUE	 is	a	DNA	unwinding	element,	R2-5	are	binding	 sites	 for	 the	
DnaA	 protein.	 The	 I1-3	 sites	 are	 binding	 sites	 for	 ATP-bound	 DnaA	 and	 IHF	 and	 FIS	 are	 binding	 site	 for	 other	
proteins	(Nelson	and	Cox,	2013).	element	 (DUE),	 which	 is	 a	 region	 with	 a	high	 content	 of	 A=T	 bp,	 and	 binding	 sites	for	other	proteins,	such	as	integration	host	factor	 (IHF)	 and	 factor	 for	 inversion	stimulation	(FIS),	see	figure	2.	 IHF	and	FIS	are	 necessary	 in	 some	 recombination	reactions.	 The	 initiation	 of	 replication	 is	regulated	 so	 that	 the	 replication	 only	happens	once	per	 cell	 cycle.	 The	 initiation	involves	 a	 total	 of	 10	 different	 enzymes,	which	starts	 to	unwind	and	open	 the	DNA	helix	at	the	origin.	DnaA	then	interacts	with	DnaB	 helicase	 and	 the	 unwinding	continues	 in	 the	 elongation	 process.	 The	elongation	 process	 involves	 the	 synthesis	of	 the	 lagging	and	the	 leading	strand.	First	the	DNA	helicase	separates	the	two	strands	followed	 by	 binding	 of	 several	 single-stranded	 DNA-binding	 proteins,	 which	stabilizes	 the	 strands.	 The	 synthesis	 of	lagging	 strand	 occurs	 by	 Okazaki	fragments,	 whereas	 the	 synthesis	 of	 the	leading	strand	follows	the	unwinding	of	the	DNA.	 The	 final	 step	 in	 the	 replication	 is	termination,	 which	 occurs	 in	 a	 region	
called	 ter.	 ter	 is	 divided	 into	 two	 clusters,	which	 runs	 in	 opposite	 directions,	 see	figure	3.	 ter	 is	placed	opposite	of	oriC	 and	consists	 of	 repeating	 copies	 of	 a	 20	 bp	sequence.	The	replication	forks	meet	at	the	
ter	 region	 and	 the	 replication	 of	 the	 two	daughter	strands	ends.	The	two	clusters	of	
ter	 works	 like	 a	 safety	 net,	 because	 the	replication	 forks	 cannot	 get	 through	 this	region.	 This	 secures	 the	 cell	 against	 over	replication	by	one	of	the	forks.	For	example	if	 one	 replication	 fork	 have	 been	 delayed	because	of	a	DNA	error,	the	other	fork	will	not	 replicate	 more	 DNA,	 since	 it	 will	 be	stopped	by	one	of	 the	 ter	 clusters	 (Nelson	and	Cox,	2013).	Each	replication	forks	has	a	rate	 of	 1000	 nucleotides	 per	 second	(Griffiths	 et	 al.,	 2012).	 The	 number	 1000	nucleotides	 per	 second	 can	 be	 changed,	and	 is	 not	 the	 maximal	 speed	 for	 the	replication	 forks.	 In	 the	 paper	 by	Skovgaard	 et	 al.	 from	 2004,	 they	 showed	that	 the	 replication	 forks	 could	 move	quicker.	 This	means	 that	 the	 speed	 of	 the	replication	 forks	normally	 is	balanced	at	a	
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rate	of	1000	nucleotides	per	second	and	is	therefore	 not	 the	 maximal	 speed	 the	replication	forks	can	achieve	(Skovgaard	et	al.,	2011).	
	
Figure	3.	ter	clusters	in	E.	coli.	The	ter	clusters	in	an	E.	
coli	 bacterium	 are	 opposite	 each	 other.	 In	 this	 way	
the	 replication	 forks	 cannot	 replicate	 more	 than	
normal,	 if	 the	 other	 replication	 fork	 is	 delayed	
(Rothstein	et	al.,	2000)	
E.	coli	bacteria	can	have	different	doubling	times	 depending	 on	what	 growth	medium	the	 cell	 is	 placed	 in.	 E.	 coli	 bacteria	 can	have	 overlapping	 replication	 cell	 cycles	 in	rich	 media.	 If	 E.	 coli	 bacteria	 have	 a	doubling	time	of	25-35	minutes,	 there	will	be	a	period	with	multiple	replication	forks.	The	period	with	multiple	 replication	 forks	occurs,	 because	 the	 cells	 will	 begin	initiation	 of	 replication	 before	 the	 first	round	of	replication	is	finished.	Conversely,	slow-growing	cells	will	have	a	period	with	no	replication	after	the	cell	division,	before	the	next	 round	of	 chromosome	replication	
starts	 (Skarstad	 and	Katayama,	 2013),	 see	figure	4.		
	
Figure	 4.	 The	 replication	 cycle	 of	 slow	 and	 fast-
growing	 E.	 coli	 cells.	 Fast-growing	 cells,	 with	 a	
doubling	 time	 of	 25-35	 min,	 will	 begin	 initiation	 of	
replication	 before	 the	 first	 round	 of	 replication	 is	
finished.	Slow-growing	E.	coli	cells,	with	a	replication	
rate	 of	 the	 chromosome	 of	 40-50	 min,	 will	 have	 a	
longer	B	period	than	fast	growing	cells	(Skarstad	and	
Katayama,	2013).	The	 period	 between	 cell	 division	 and	 the	replication	of	the	chromosome	is	called	the	B	 period	 (Wang	 and	 Levin,	 2009).	 The	 C	period	 is	 the	 time	 it	 takes	 for	 the	replication	 forks	 to	 get	 from	 the	 origin	 to	the	 terminus	 and	 the	D	period	 is	 the	 time	between	 the	 replication	 forks	 reaches	 the	terminus	 and	 cell	 division,	 see	 figure	 5	(Helmstetter	et	al.,	1968).			
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Figure	5.	The	cell	cycle.	The	B	period	is	the	time	between	cell	division	and	a	new	round	of	chromosome	replication.	
The	 C	 period	 is	 the	 time	 it	 takes	 for	 chromosome	 replication,	 and	 the	 D	 period	 is	 the	 time	 between	 the	 end	 of	
chromosome	replication	and	cell	division	(Wang	and	Levin,	2009).	
1.2	Oxidative	stress			Oxidative	 stress	 is	 a	 designation	 for	 an	imbalance	 in	 the	 prooxidant	 -	 antioxidant	concentration	 (Sies,	 1985).	 Prooxidants	induces	oxidative	stress,	while	antioxidants	inhibit.	 Prooxidants	 induces	 oxidative	stress	 by	 generating	 ROS	 or	 by	 damaging	the	 antioxidants’	 systems	 (Rahal	 et	 al.,	2014).	 All	 living	 organisms,	 except	 for	anaerobic	 microorganisms,	 need	 oxygen	for	production	of	energy,	which	is	required	for	 life	 (Vinson,	2006).	Although	oxygen	 is	needed	 for	 aerobic	 life,	 negative	 oxidation	processes	 are	 connected	 to	 the	 strong	oxidant.	 These	 negative	 oxidations	processes	 produce	 different	 ROS	 that	induce	 oxidative	 stress	 (Sies,	 1985).	 The	complete	 reduction	 of	 oxygen	 takes	 place	
in	 the	 bacterial	 cell	 and	 within	 the	mitochondria	 in	 eukaryotic	 cells	 and	 as	shown	in	figure	6	the	end	product	is	water.	To	fully	reduce	oxygen	to	water	it	requires	a	 four	 electrons	 reduction.	 Sometimes	oxygen	is	only	reduced	by	one,	two	or	three	electrons,	 and	 the	 reduction	 is	 therefore	not	 completed.	 If	 the	 reaction	 ends	before	it	 is	 complete,	 then	ROS	will	 be	 produced.	Some	of	 the	ROS	 are	 shown	 in	 figure	 6	 as	the	 intermediates:	 Superoxide	 𝑂!!,	hydrogen	 peroxide  𝐻!𝑂! and	 hydroxyl	radical	𝐻𝑂 (Vinson, 2006).	This	means	that	ROS	 is	 produced	 naturally	 by	 aerobic	metabolism,	 and	 all	 living	 organism	therefore	 have	 mechanism	 to	 counteract	ROS	and	oxidative	stress.	
	
Figure	6.	The	four	electron	reduction	of	oxygen.	The	end	product	of	the	full	reduction	is	water,	and	if	the	reduction	is	
not	completed,	ROS	will	be	produced	(Imlay,	2003).	
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The	mechanisms	to	protect	the	cell	against	ROS,	 is	 to	prevent	 the	 formation,	scavenge	once	 generated,	 and	 repair	 the	 damaged	caused	by	ROS.	The	concentration	of	ROS	is	highly	controlled,	and	has	to	be	maintained	at	a	very	 low	concentration	under	10!! 𝑀.	Oxidative	 stress	 is	 the	 situation	where	 the	concentration	 of	 ROS	 is	 increased.	 The	increased	 level	 of	 ROS	 can	 be	 caused	 by	either;	 enhanced	 production	 of	 ROS,	decreased	 degradation	 of	 ROS	 or	 a	mix	 of	both	 (Lushchak,	 2011).	 The	mechanism	 to	counteract	 oxidative	 stress	 is	 to	 regulate	the	antioxidant	concentration.	Antioxidants	can	 create	 balance	 in	 the	 prooxidant	 -	antioxidant	concentration,	by	 lowering	 the	ROS	 concentration,	 which	 protects	 the	important	 compartments	 of	 the	 cell,	 such	as	 DNA,	 RNA,	 proteins	 and	 lipids	 (Vinson,	2006).	 Antioxidants	 neutralize	 ROS	 by	delivering	an	electron,	and	thereby	end	the	ROS	chemical	activity.	Antioxidants	do	not	become	 a	 ROS	 by	 delivering	 an	 electron,	because	 they	 are	 stable	 both	 with	 and	without	 the	 electron,	 they	 deliver.	 The	regulation	 of	 antioxidants	 are	 therefore	very	 important	 for	 an	 organism	 to	 avoid	oxidative	 stress	 (Sies,	 1985).	 In	 the	regulation	of	antioxidants	several	steps	are	important.	The	bacteria	 first	have	to	sense	the	 elevated	 concentration	 of	 ROS,	 and	then	 transduce	 the	 signal	 to	 transcription	
and	 translation	mechanisms.	The	bacterial	antioxidant	 concentration	 is	 primarily	regulated	by	 regulons	 as	 SoxRS	 and	OxyR.	SoxRS	concerns	oxidative	stress	induced	by	superoxide	 anion,	 and	 OxyR	 counteract	oxidative	 stress	 induced	 by	 hydrogen	peroxide.	 The	 locus	 soxRS	 regulates	 9	 out	of	 approximately	 40	 superoxide-activated	proteins	in	E.	coli	cells.	SoxRS	regulates	the	proteins	 at	 the	 transcription	 level	(Lushchak,	 2011).	 The	 SoxRS	 regulon	contains	 two	 proteins	 SoxR,	 which	 sense	oxidative	stress	in	the	cell,	and	SoxS,	which	is	a	transcriptional	activator	that	positively	regulates	 about	 25	 genes	 around	 the	chromosome	 (Imlay,	 2008).	 Figure	 7	illustrates	 a	 model	 of	 the	 SoxRS	 system’s	function.	 SoxR	 is	 a	 homodimeric	transcription	 factor	 and	 each	 monomer	contains	 a	 [2Fe-2S]	 cluster.	 If	 E.	 coli	 cells	are	 exposed	 to	 superoxide	 anion,	 the	response	mechanism	starts	with	oxidation	of	 the	 iron-sulphur	 cluster	 in	 the	 SoxR	protein.	 SoxR	 is	 only	 active	 in	 its	 oxidized	form.	The	active	SoxR	protein’s	only	known	target	is	the	SoxS	gene	(Krapp	et	al.,	2011).	SoxR	binds	to	the	SoxS	promoter	leading	to	expression	of	the	SoxS	gene.		
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Figure	 7.	 Model	 of	 the	 SoxRS	 system	 in	 E.	 coli.	 The	
SoxR	protein	binds	 to	 the	promoter	of	 the	SoxS	 gene	
leading	 to	 SoxS	 protein	 expression.	 The	 increased	
SoxS	protein	levels	activate	the	transcription	of	target	
genes.	 The	 target	 genes	 of	 SoxS	 have	 clearly	
protective	 functions	against	oxidative	stress	 induced	
by	superoxide	anion,	inspired	by	(Imlay,	2013).			The	 active	 and	 inactive	 form	 of	 the	 SoxR	protein	 binds	 with	 equally	 affinity	 to	 the	SoxS	promoter,	but	only	the	active	oxidized	form,	 stimulates	 the	 SoxS	 promoter	 more	than	 30-fold.	 Expression	 of	 the	 SoxS	 gene	results	 in	 increased	 levels	 of	 the	 SoxS	protein.	 The	 increased	 levels	 of	 SoxS	activate	 the	 expression	 of	 SoxRS	 regulon	members.	 All	 the	 target	 genes	 have	protective	 functions	 against	 oxidative	stress,	either	by	fighting	ROS,	up	regulating	antioxidants	 or	 repair	 DNA	 damages	
caused	 by	 ROS.	 Accordingly	 the	 SoxRS	regulon	 is	 a	 two-step	 regulatory	 system,	that	 coordinates	 the	 bacterial	 cells’	response	 to	 superoxide	 anion	 (Lushchak,	2011).			While	 the	 SoxRS	 regulon	 counteracts	oxidative	 stress	 induced	 by	 superoxide	anion,	 the	 OxyR	 protein	 is	 a	 sensor,	counteracting	increased	levels	of	hydrogen	peroxide	 levels	 in	 E.	 coli	 cells.	 OxyR	 in	 E.	
coli	bacteria	is	regulating	the	expression	of	nine	 of	 the	 hydrogen	 peroxide	 inducible	proteins.	 If	 E.	 coli	 strains	 are	 carrying	deletions	of	the	OxyR	gene	the	bacteria	are	hypersensitive	 to	 hydrogen	 peroxide	 and	cannot	 express	 the	 nine	 proteins.	Conversely	 strains,	which	 overexpress	 the	nine	 proteins,	 are	 more	 resistant	 to	hydrogen	peroxide.	All	of	the	nine	proteins	have	 activities	 against	 oxidative	 stress	 by	converting	 hydrogen	 peroxide	 to	 oxygen	and	 water	 and	 thereby	 eliminating	 the	unstable	ROS	 (Storz	 et	 al.,	 1990).	 Figure	8	illustrates	 the	 operation	 of	 the	 OxyR	regulon.			
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Figure	8.	Model	of	OxyR	regulon.	The	OxyR	regulon	is	
activated	when	it	reacts	with	hydrogen	peroxide.	The	
activation	of	 the	OxyR	regulon	 leads	 to	 transcription	
of	 10	or	more	operons,	which	 role	 is	 to	 regulate	 the	
hydrogen	peroxide	to	its	normal	level	(Imlay,	2013).	The	 OxyR	 system	 is	 activated	 when	 the	active	 site	 of	 OxyR,	 a	 sensory	 Cysteine	residue,	 reacts	 rapidly	 with	 hydrogen	peroxide.	 Normally	 OxyR	 is	 inactive	when	the	 hydrogen	 peroxide	 concentration	 is	approximately	50	nM.	OxyR	becomes	active	when	 the	 concentration	 of	 hydrogen	peroxide	 increases	 to	 a	 level	 around	 200	nM.	 It	 gets	 activated	 when	 a	 disulphid-bond	forms.	The	change	in	conformation	of	
the	 oxyR	 regulon	 promotes	 the	transcription	 of	 10	 or	 more	 operons.	 The	OxyR	 regulon	 has	 some	 identified	members,	 which	 synthesis	 induces	 more	than	 tenfold	 to	 get	 the	 hydrogen	 peroxide	concentration	 back	 to	 normal	 levels	 again	(Imlay,	2013).		
1.3	The	presence	and	effect	of	Dps	in	E.	
coli	Dps	 has	 multiple	 effects	 in	 E.	 coli	 cells	during	oxidative	stress.	Dps	can	protect	the	bacterial	 DNA	 from	 hostile	 ROS	 by;	condensing	 the	 DNA	 structure,	 decrease	the	 concentration	 of	 ROS	 and	 slowing	 or	fully	 inhibit	 the	 initiation	 process	 of	replication	in	E.	coli	cells.	Dps	is	expressed	in	 response	 to	 stressed	 or	 starved	 cells.	Dps	 is	 abundant	 in	 the	 stationary	 phase	(Leonard	 and	 Grimwade,	 2010),	 but	 low	present	in	the	exponential	phase	(Nair	and	Finkel,	 2004).	 During	 oxidative	 stress	 Dps	is	 10	 times	 more	 abundant	 in	 the	stationary	 phase	 and	 three	 times	 more	abundant	 in	 the	 exponential	 phase,	compared	 to	 conditions	 with	 no	 oxidative	stress	 (Ohniwa	et	 al.,	 2006).	The	presence	of	 Dps	 negatively	 regulates	 the	 initiation	step	 in	 the	 replication	 process.	 Dps	 can	bind	 to	 the	 DnaA	 protein,	 which	 can	decrease	 DnaA’s	 binding	 affinity	 to	 DNA,	and	thereby	lead	to	a	slower	initiation	or	a	full	 inhibition	of	 initiation	of	replication	 in	
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E.	coli	cells	(Chodavarapu	et	al.,	2008).	Dps	is	 also	 shown	 to	 be	 responsible	 for	 an	increased	 condensation	 of	 the	 bacterial	chromosome,	to	decrease	the	probability	of	damaged	 DNA,	 in	 situations	 where	 the	bacterial	 cell	 is	 exposed	 to	 ROS	 (Leonard	and	 Grimwade,	 2010).	 Dps	 can	 condense	the	 DNA	 in	 such	 way	 that	 crystallization	might	 appear.	 This	 condensation	 is	 set	 to	have	 a	 connection	 with	 depletion	 in	 the	Mg2+	concentration,	where	high	amounts	of	Mg2+	 can	 cause	 inactivation	 of	 Dps,	 and	thereby	 no	 Dps-DNA	 crystallization	(Frenkiel-Krispin	et	al.,	2001).	Besides	Dps’	ability	 to	 interfere	 with	 initiation	 of	replication	 and	 the	 condensation	 of	 the	chromosome,	 Dps	 also	 has	 the	 ability	 to	decrease	the	formation	of	ROS.	Dps	can	do	this	by	binding	and	storing	irons	(Fe)	ions.	Dps	 can	 bind	 and	 store	 two	Fe2+	 irons	 for	each	 of	 its	 12	 putative	 dinuclear	ferroxidase	 sites,	 which	 make	 it	 24	 Fe2+	irons	in	total	for	each	Dps.	When	the	Fe2+	is	bound	 to	 the	 ferroxidase	 site,	 it	 gets	oxidized	 to	 Fe3+.	 This	 oxidation	 also	consumes	 hydrogen	 peroxide	 in	 the	process,	 which	 lower	 the	 chances	 for	oxidative	 stress	 (Zhao	 et	 al.,	 2002).	 An	overview	of	Dps’	protective	abilities	can	be	seen	in	figure	9.	
	
Figure	 9.	 The	 defensive	 pathways	 of	 Dps	 during	
oxidative	 stress.	 Dps	 can	 act	 by	 reducing	 the	
production	of	ROS,	condense	the	chromosome	and	by	
binding	the	essential	replication	protein	DnaA.	All	of	
these	 pathways	 lead	 to	 the	 defending	 of	 the	 cells	
against	ROS.	A	 key	 component	 in	 the	 activity	 of	 Dps	 is	the	 nucleoid	 component	 FIS.	 FIS	 has	 an	inhibitory	effect	on	Dps’	ability	to	condense	the	chromosome.	FIS	is	the	most	abundant	nucleoid	 component	 in	 the	 cell	 during	 the	exponential	phase.	 In	 the	 stationary	phase	FIS	 is	 nearly	 not	 detectable.	 FIS	 does	 not	directly	 interact	 with	 Dps,	 but	 during	multiple	gene	regulations	FIS	can	interfere	with	 Dps’	 condensation	 abilities.	 The	 low	presence	of	Dps	and	high	abundance	of	FIS	during	 exponential	 phase,	 suggests	 that	Dps	 does	 not	 have	 any	 major	 effect	 on	nucleoid	 condensation	 in	 this	 phase.	Generally	 healthy	 E.	 coli	 cells	 act	 in	response	 to	 oxidative	 stress	 by	 producing	
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proteins	 like	Dps,	 to	minimize	 the	chances	for	 DNA	 damage	 caused	 by	 ROS.	 This	regulation	of	Dps’	expression	happens	both	in	 stationary	 and	 exponential	 phase	(Ohniwa	et	al.,	2006).	
1.4	Increase	in	replication	forks	and	
oxidative	stress		The	 replication	 cycle	 contains	 three	periods:	 The	 B-,	 C-	 and	 D-period.	 During	the	C	period	the	replication	forks	replicate	the	 chromosome.	 When	 the	 cell	 in	 some	way	 increases	 the	 number	 of	 replication	forks	 the	 cell	 gets	 stressed.	 The	 cell	condition	 oxidative	 stress	 is	 caused	 when	the	ROS	level	is	increased.	The	cell	protects	itself	 against	 oxidative	 stress	 by	 several	mechanisms,	 especially	 antioxidants.	Antioxidants	 protect	 the	 cell	 by	 delivering	an	 electron	 to	 ROS	 and	 thereby	 stabilize	the	 ROS.	 Dps	 acts	 like	 an	 antioxidant	 and	can	 furthermore	 protect	 the	 DNA	 against	damage	caused	by	ROS.		
A	study	by	Wang	et	al.	from	2011	analyzed	and	compared	three	E.	coli	strains	from	the	AB1157	strain.	One	strain	was	a	wild-type,	
oriC,	the	second	strain	contained	an	ectopic	origin,	oriZ,	 and	 the	 third	 strain	 contained	to	 origins,	 oriC-oriZ.	 oriZ	 was	 located	approximately	 1	Mb	 from	 oriC.	 The	 result	was	 that	 initiation	 of	 replication	 occurred	synchronously	 at	 both	 origins	 in	 oriC-oriZ	cells.	 Both	 in	 M9	 minimal	 medium	containing	 glycerol	 and	 in	 rich	 medium	were	the	doubling	time	of	all	three	strains,	similar.	Wang	et	al.	made	a	flow	cytometry	profile	 of	 all	 three	 strains,	 see	 figure	 10.	The	 result	 showed	 that	 the	 cells	 from	 all	three	 strains	 during	 M9	 minimal	 medium	were	similar	 in	cell	volume	during	the	cell	cycle.	The	biggest	different	were	that	wild-type	E.	 coli	 bacteria	 had	more	 cells	 in	 the	second	 peak	 during	 stationary	 phase	 than	
E.	coli	bacteria	with	oriC-oriZ	and	only	oriZ,	see	figure	10.	
	
Figure	10.	Flow	cytometry	profiles	of	the	three	E.	coli	strains.	The	three	strains	were	similar	except	in	the	stationary	
phase,	where	wild-type	E.	coli	strains	contained	more	cells	in	the	second	peak	than	the	other	E.	coli	strains.		
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The	 conclusion	 of	 the	 study	 was	 that	 the	data	indicate	that	E.	coli	cells	can	convert	to	new	environments	 such	as	 introduction	of	an	 ectopic	 origin	 and	 the	 deletion	 of	 the	wild-type	 origin,	 oriC,	 without	 major	complications	(Wang	et	al.,	2011).				Another	study	by	 Ivanova	et	al.	from	2015	compared	 three	 MG1655	 E.	 coli	 strains.	One	strain	was	a	wild-type,	oriC,	the	second	strain	 contained	 only	 an	 ectopic	 origin,	
oriZ,	 and	 the	 third	 strain	 contained	 two	origins,	 oriC-oriZ.	 They	 made	 the	 second	strain,	∆oriC-oriZ,	via	P1vir	transduction	by	
moving	 a	 ∆ oriC::kan	 deletion	 into	 the	strain.	 oriZ	 was	 located	 approximately	 1	Mb	 from	 oriC.	 The	 measured	 doubling	times	showed	that	the	∆oriC-oriZ	strain	had	a	 doubling	 time	 of	 at	 least	 40	 min	 while	
oriC-oriZ	and	the	wild-type	strain	only	had	a	 doubling	 time	 of	~20	 min.	 These	 data	indicate	 that	 the	 strain	 with	 the	 ectopic	origin,	 oriZ,	 has	 some	 difficulties	 during	replication.	 Figure	 11	 shows	 the	 marker	frequency	 analysis	 of	 all	 three	 E.	 coli	strains.	 Figure	 11I	 shows	 a	 replication	profile	 for	 wild-type	 E.	 coli	 bacteria	 with	
	
Figure	11.	Marker	frequency	analysis	of	all	three	strains.	I	show	E.	coli	cells	with	one	origin,	II	show	E.	coli	cells	with	
to	origins	and	III	show	E.	coli	cells	with	an	ectopic	origin	(Ivanova	et	al.,	2015).	one	origin.	oriC	 is	 located	at	 the	maximum	and	 terminus	 is	 located	 at	 the	 minimum.	Figure	11II	show	a	replication	profile	of	E.	
coli	bacteria	with	two	origins	and	therefore	two	 peaks.	 The	 downward	 peak	 between	
the	two	peaks	is	where	the	two	replication	forks,	one	from	oriC	and	one	from	oriZ,	are	meeting.	 Figure	 11III	 show	 a	 replication	profile	 for	 E.	 coli	 bacteria	 with	 only	 an	ectopic	 origin.	 The	 cells	 with	 the	 ectopic	
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origin	 have	 some	 difficulties	 during	replication.	Beside	that	there	is	some	noise	at	 figure	 11III	 at	 the	 last	 loop,	 the	explanation	 for	 this	 could	 be	 that	 the	replication	 forks	 run	 in	 the	 opposite	direction	 of	 what	 the	 ribosomal	 operons	does,	 see	 figure	 13,	 which	 result	 in	 an	inverted	segment,	see	figure	12	for	a	better	view	of	the	inverted	segment.		
	
Figure	12.	An	inverted	segment.	The	replication	of	the	
ribosomal	operons	are	inverted	(Ivanova	et	al.,	2015).	Figure	 12	 is	 from	 a	 different	E.	 coli	strain	than	 the	 rest	 of	 the	 experiment,	 but	 it	shows	how	an	inverted	segment	looks	like.	The	difficulties	caused	by	the	ectopic	origin	could	 be,	 that	 one	 of	 the	 replication	 forks	has	to	move	in	the	opposite	direction	of	the	ribosomal	 operons	 C,	 A,	 B	 and	 E.	 This	replication	 fork	 also	has	 to	 replicate	 three	
quarters	 of	 the	 chromosome	 while	 the	other	replication	fork	only	has	to	replicate	one	quarter	of	the	chromosome,	see	figure	13.	 This	 asymmetric	 replication	 patterns	could	 explain	 the	 elongated	 doubling	 time	(Ivanova	et	al.,	2015).		
	
Figure	 13.	 Genemap	 of	E.	coli	with	 an	 ectopic	 origin.	
When	oriC	is	deleted	and	oriZ	is	the	only	origin	in	the	
cell	the	two	replication	forks	replicate	asynchronous.	
One	 of	 the	 replication	 forks	 has	 to	 replicate	 three	
quarters	 of	 the	 chromosome	 and	 move	 in	 the	
opposite	 direction	 of	 the	 ribosomal	 operons.	 The	
other	 replication	 fork	 only	 has	 to	 replicate	 one	
quarter	of	the	cell	(Ivanova	et	al.,	2015).			A	 study	 by	 Charbon	 et	 al.	 from	 2014	demonstrated	 what	 happened	 to	 E.	 coli	bacteria	 that	 were	 exposed	 to	overinitiation	 of	 replication	 under	 aerobic	and	 anaerobic	 conditions.	 Such	overinitiation	 can	 be	 due	 to	 mutations	 in	for	example	the	DnaA	gene	or	the	Hda	gene.	The	 DnaA	 is	 the	 initiator	 protein	 and	 the	
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Hda	 protein	 helps	 converting	 DnaAATP	 to	DNAADP.	They	demonstrated	that	it	was	not	lethal	 for	 the	 cells	 grown	under	 anaerobic	conditions	 to	 loss	 their	 Hda	 gene.	 They	examined	 what	 would	 happen	 to	 cells	without	the	Hda	gene	and	wild-type	cells	if	they	 were	 shifted	 from	 anaerobic	conditions	to	aerobic	conditions.	The	result	was	 an	 increase	 in	 the	 doubling	 time,	whereas	wild-type	 cells	 had	 a	 decrease	 in	the	 doubling	 time.	 This	 indicates	 that	 the	Hda	 protein	 is	 important	 in	 cells	 under	aerobic	 conditions.	 Charbon	 et	al.	did	 also	examine	the	effect	of	ROS	on	∆Hda	cells	by	growing	 the	 cells	 on	 plates	 with	 ROS	scavenger	 reduced	 glutathione	 (GSH).	∆Hda	cells	from	anaerobic	conditions	were	shifted	 to	 aerobic	 conditions	 when	 they	were	 streaked	 out	 on	 the	 plate	 with	 or	without	GSH.	The	∆Hda	cells	grew	more	on	the	 plate	 with	 GSH.	 The	 result	 indicated	that	 it	 is	 ROS-mediated	 oxidation	 that	inhibits	 the	∆Hda	 cells	 in	 growing	 on	 the	plates	 without	 GSH.	 These	 data	 suggest	that	 hyperinitiation	 of	 replication	 lead	 to	an	 increase	 in	 the	 number	 of	 replication	forks	 and	 leads	 ultimately	 to	 oxidative	stress	(Charbon	et	al.,	2014).			The	study	by	Ivanova	et	al.	from	2015	and	the	 study	 by	Wang	 et	 al.	 from	 2011	 have	accomplished	 completely	 different	 results	
about	 the	 consequences	 of	 adding	 an	ectopic	 origin	 and	 deleting	 the	 wild-type	origin	 oriC.	 	 This	 tells	 that	 there	 still	 is	some	uncertainties	 about	 this	 subject.	The	study	by	Charbon	et	al.	 from	2004	showed	a	 relation	 between	 replication	 forks	 and	oxidative	 stress.	 In	 this	 work	 we	 will	investigate	the	consequences	of	adding	one	and	two	ectopic	origins.	We	will	do	this	by	making	 different	 constructions	 with	different	number	of	origins,	and	investigate	their	 condition	 by	 flow	 cytometry.	 Studies	show	 that,	when	 the	bacteria	 get	 stressed,	the	 replication	 slows	 down.	 We	 will	 use	this	 to	 check	 if	 the	 bacteria	 are	 in	 the	condition	 of	 oxidative	 stress.	 In	 addition,	we	 will	 check	 if	 the	 deletion	 of	 Dps	exacerbates	 the	 condition	 in	 the	 bacteria.	Therefore,	 we	 will	 look	 at	 the	 replication	speed	 of	 wild-type	 E.	 coli	 bacteria,	 E.	 coli	bacteria	with	two	origins,	E.	coli	with	three	origins,	 E.	 coli	 with	 one,	 two	 and	 three	origins	together	with	a	∆Dps	and	see	 if	 the	addition	of	 one	or	 two	origins	will	 lead	 to	oxidative	stress	in	the	cell	and	which	effect	Dps	has	on	the	protection	of	the	bacteria.		
2	Methods	and	materials		In	 this	 section	 the	 used	 methods	 and	materials	 will	 be	 described.	 The	 possible	sources	 of	 errors	 in	 the	 methods	 will	 be	
Marietta	Gugerel,	Josephine	Olsson	and	 	 Roskilde	University	Stefan	Profft		 	 Molecular	biology	
	 	 Page 17 of 39	
discussed	 in	 the	 next	 chapter	 and	 in	 4.	Discussion.			The	 constructions	 and	 genotypes	 of	 the	different	strains	we	want	to	create,	and	use	in	 the	 experimental	 work	 is	 showed	 in	table	 1.	 We	 will	 use	 the	 two	 strains	RUC1550	and	RUC1553	as	basis	for	all	the	other	 constructions.	 RUC1550	 are	 wild-type	 E.	 coli	 bacteria	 from	 the	 MG1655	strain.	 In	 order	 to	 create	 RUC1553,	 an	ectopic	 origin	 has	 been	 inserted	 into	 the	
lacZ	gene,	which	gives	rise	to	its	name	oriZ,	see	 figure	 14.	 Ampicillin	 (50  𝜇 g/ml),	chloramphenicol	 (20  𝜇 g/ml)	 and	
kanamycin	 (50 𝜇g/ml)	 were	 added	 when	required.	
	
Figur	 14	 Genemap.	 An	 overview	 of	 a	 genemap	 for	 a	
bacterium	with	three	origins.	The	genemap	shows	the	
important	ribosomal	operons,	rrs.		
Table	1	The	information	about	different	constructions	with	the	genotypes	and	related	RUC	number.
	In	 order	 to	 create	 a	 strain	 with	 three	origins,	 we	 chose	 to	 insert	 oriX	 in	RUC1553.	oriX	 is	 located	 in	 the	pheA	gene.	
We	 chose	 oriX	 because	 of	 its	 position	relative	to	oriC,	leading	to	that	oriX	and	oriZ	is	placed	opposite	each	other	see	figure	14.	
RUC	no.		 Source	 Genotype	RUC1550 MG1655 - Lab collection oriC+ RUC1553 Lab collection oriC+ , 𝛥𝑙𝑎𝑐𝑍 ∷ 𝑜𝑟𝑖𝑍, cm! RUC1579 Lab collection  RUC1590 Lab collection 𝛥pheA::oriX RUC1593 Lab collection 𝛥pheA::oriX RUC1598 Roberto Kolter 𝛥Dps::kan, 𝛥recA::cm!, 𝛥ara, leu:: 𝑡𝑒𝑡!  RUC1602 RUC1550 x P1(RUC1590) oriC+, 𝑝ℎ𝑒𝐴 ∷ 𝑜𝑟𝑖𝑋, cm! RUC1603 RUC1550 x P1(RUC1593) oriC+, 𝑝ℎ𝑒𝐴 ∷ 𝑜𝑟𝑖𝑋, cm! RUC1604 RUC1602 x P1(RUC1579) oriC-, 𝑝ℎ𝑒𝐴 ∷ 𝑜𝑟𝑖𝑋, cm! RUC1605 RUC1603 x P1(RUC1579) oriC-, 𝑝ℎ𝑒𝐴 ∷ 𝑜𝑟𝑖𝑋, cm! RUC1606 RUC1550 x P1(RUC1598) oriC+, 𝛥𝐷𝑝𝑠 ∷ kan! RUC1607 RUC1553 x P1(RUC1598) oriC+, 𝑜𝑟𝑖𝑍!, 𝛥𝐷𝑝𝑠 ∷ kan! RUC1608 RUC 1610 x P1(RUC1604) oriC+ , ori𝑍!, 𝑜𝑟𝑖𝑋!, amp!, cm! RUC1609 RUC1610 x P1(RUC1605) oriC+ , ori𝑍!, ori𝑋!,  amp!, cm! RUC1610 RUC 1553 x frt (pCP20) oriC+ , ori𝑍!, amp! 
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The	strains	RUC1590	and	RUC1593	already	contain	oriX,	and	we	will	use	these	to	make	a	 strain	 with	 three	 origins.	 The	 strains	RUC1590	and	RUC1593	are	a	construction	strains	and	not	strains	 that	are	suitable	 to	work	in.	oriX	should	therefore	be	moved	to	another	strain	via	a	P1vir	transduction,	we	chose	RUC1550.	That	is	why	RUC1602	and	RUC1603	are	made,	see	table	1.	The	strains	RUC1602	 and	 RUC1603	 are	 made	 to	 test,	which	oriX	 is	 best.	 So	we	 could	 chose	 if	 it	was	 RUC1590	 or	 RUC1593	 that	 should	 be	inserted	 into	 RUC1553	 and	 after	 a	successive	 P1vir	 transduction	 have	 a	 cell	with	 three	 origins.	 	 To	 create	 ∆Dps	mutants,	 P1	 phages	made	 from	 the	 donor	strain,	RUC1598,	which	has	the	genotype	of	∆Dps::kanR	will	be	used.	A	successive	P1vir	transduction	 will	 give	 the	 recipient	 cells,	the	 genotype	 ∆Dps::kanR.	 The	 majority	 of	the	 constructions	 can	 be	 made	 only	 by	using	 the	P1vir	 transduction.	 To	make	 the	bacteria	with	three	origins	we	also	use	the	FLP-FRT	recombination	method	to	remove	the	 chloramphenicol	 resistance	 from	 oriZ.	In	 the	 next	 sections	 the	 different	methods	used	during	the	experimental	work	will	be	explained.		
2.1	P1vir	transduction	P1vir	is	a	mutant	phage	that	enters	the	lytic	cycle,	 ensuring	 replication	 and	 lysis	 of	 the	
recipient	 bacteria	 strain.	 A	 small	percentage	 of	 the	 phage	 particles	 contain	the	gene	of	interest.	We	followed	the	guide	to	 create	 a	 P1vir	 transduction	 from	 the	book	(Miller,	1992).	
2.2	Plasmid	purification	We	used	the	GenEluteTM	Plasmid	Miniprep	Kit	from	Sigma-Aldrich	to	purify	the	pCP20	plasmid.	We	 followed	 the	 guide	 that	 came	with	the	Miniprep	Kit.		
2.3	FLP-FRT	recombination	The	 FLP-FRT	 recombination	 method	 is	used	 to	 introduce	 a	 selectable	 antibiotic	resistance	 instead	 of	 a	 chromosomal	sequence.	 This	 occurs	 with	 primers	 with	36-nt	homology	extensions,	H1	and	H2.	 In	figure	 15	 it	 is	 gene	 B,	 which	 is	 replaced.	The	antibiotic	resistance	can	after	selection	be	eliminated	by	using	a	plasmid,	which	 is	expressing	 the	 FLP	 recombinase.	 FLP	recombinase	 is	 flanking	 the	 gene	 with	antibiotic	 resistance	 at	 the	 FRT	 sites,	 see	figure	15.	We	followed	the	guide	to	create	a	FLP-FRT	 recombination	 from	 the	 article	(Datsenko	and	Wanner,	2000).	
Marietta	Gugerel,	Josephine	Olsson	and	 	 Roskilde	University	Stefan	Profft		 	 Molecular	biology	
	 	 Page 19 of 39	
	
Figure	 15.	 The	 FLP-FRT	 recombination	 method.	 H1	
and	 H2	 are	 homology	 extensions,	 which	 helps	 with	
the	 replacement	 of	 the	 gene	 with	 the	 antibiotic	
resistance.	P1	and	P2	are	primer	sites.	The	gene	with	
the	 antibiotic	 resistance	 is	 replaced	 by	 using	 a	
plasmid,	 which	 is	 expressing	 the	 FLP	 recombinase.	
FLP	recombinase	is	flanking	the	gene	at	the	FRT	sites,	
inspired	by	(Datsenko	and	Wanner,	2000).	
2.4	Growth	of	culture	to	measure	OD	We	 used	 AB	 minimal	 media	 with	phenylalanin,	 uracil	 and	 fructose.	Phenylalanine	 was	 used	 because	 the	strains	 RUC1602	 and	 RUC1603	 have	phenylalanine	 requirement.	 If	 uracil	 were	not	 in	 the	 media,	 this	 causes	 a	 lack	 of	nucleotides	 during	 the	 growth	 of	 the	culture.	 This	 would	 have	 made	 the	replication	 forks	 run	slower.	Fructose	was	used	 because	 the	 bacteria	 grow	 slower	 in	this	 in	relation	to	 for	example	glucose.	We	would	examine	bacteria	with	one	and	 two	chromosomes,	 which	 were	 not	 possible	 if	the	 bacteria	 had	 overlapping	 cell	 cycles,	which	 could	 contain	 eight	 and	 16	
chromosomes.	 We	 grew	 the	 four	 strains	RUC1550,	 RUC1553,	 RUC1602	 and	RUC1603	overnight	in	minimal	media.	The	next	 day	 they	were	 diluted	 so	 the	 Optical	Density	 (OD)450	were	 0,003	 at	 the	 start	 of	the	experiment.	They	were	diluted	in	50	ml	minimal	 media	 and	 where	 afterwards	incubated	 at	 37℃.	 We	 took	 samples	 out	when	OD450	reached	approximately	0,1,	0,2	and	 0,3.	 We	 took	 1	 ml	 to	 OD450	measurement,	 1	ml	 to	 flow	cytometry	 and	1	 ml	 in	 a	 test	 tube	 with	 30	𝜇l	 solution	 of	rifampicin	 and	 cephalexin.	 Rifampicin	 and	cephalexin	was	 added	 to	 stop	 initiation	 of	replication	and	cell	division.	The	test	tubes	were	incubated	at	37℃	for	three	hours.		
2.5	Flow	cytometry	The	main	function	of	a	flow	cytometer	is	to	measure	 the	 particles	 labelled	 with	fluorescent,	 when	 they	 pass	 trough	 the	lasers.	 The	 lasers	 emit	 light	 at	 varying	wavelengths	 and	 up	 to	 thousands	 of	particles	 can	 be	 analysed	 per	 second.	 The	flow	 cytometer	 instrument	 can	 be	 divided	into	 three	 systems:	 The	 transport	 of	 the	particles.	The	particles	come	in	a	stream	of	fluid	 to	 the	 laser	 beam,	 the	 lasers	 which	form	 a	 light	 scatter	 and	 the	 converting	 of	the	 light	 signal	 to	 electronic	 pulses	 that	 a	computer	can	process.	The	flow	cytometers	computer	can	create	a	histogram	 from	the	
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light	 scatter	 it	 analysis	and	make	a	plot	of	the	 number	 of	 cells	 against	 the	fluorescence	 intensity	 (Skarstad	 et	 al.,	1985).	We	used	an	Apogee	flow	cytometer.			The	 samples	 for	 flow	 cytometry	 and	 the	test	 tubes	 with	 rifampicin	 and	 cephalexin	were	 kept	 on	 ice	 until	 they	 were	centrifuged	 for	 5	 minutes	 at	 10.000	 g	 at	4℃.	All	 the	 supernatant	was	 removed	and	the	 cells	 were	 resuspended	 in	 100	𝜇l	 of	icecold	 Tris	 buffer	 by	 whirly-mixing.	Afterwards	we	added	1	ml	of	 icecold	77%	Ethanol	and	mixed	 the	solution.	The	 tubes	were	 stored	 in	 the	 fridge	 to	 the	 next	 day	were	they	were	stained.	We	centrifuged	the	cells	 for	 5	minutes	 at	 10.000	 g	 at	 4℃	and	placed	 the	 tubes	 on	 ice.	 We	 removed	 the	supernatant	 carefully	 and	 added	 140	𝜇l	 of	icecold	 flow	 staining,	 which	 contained;	90 !"!" Mithramycin,	20 !"!" 	Ethidiumbromid,	10	mM	Tris	 pH	7,4-7,5	 and	10	mM	Mg𝐶𝑙!	Afterwards	 we	 resuspended	 the	 cells	 by	whirly	mixing.	The	tubes	were	left	on	ice	in	the	dark	for	at	 least	10	minutes	before	we	began	analysis.		
3	Results	In	 this	 chapter	 the	 achieved	 results	 of	 the	experimental	 work	 will	 be	 shown	 and	evaluated.	 The	 results	 will	 be	 mainly	evaluated	 by	 looking	 at	 growth	 on	 plates	
and	 the	 histograms	 from	 the	 flow	cytometry.	 The	 achieved	 results	 were	 not	as	expected	and	the	possible	error	sources	will	 be	 discussed.	 The	 results	 will	 be	compared	 to	 the	 introduction	 and	discussed	in	the	next	chapter.			
3.1	Test	of	the	the	strains	RUC1602	and	
RUC1603	
oriX	 from	 RUC1590	 and	 RUC1593	 were	transferred	 via	 a	 P1vir	 transduction	 into	RUC1550.	 The	 new	 strains	with	 both	 oriC	from	RUC1550	 and	oriX	 from	 respectively	RUC1590	 and	 RUC1593	 are	 now	 referred	to	 as	 RUC1602	 and	 RUC1603.	 Afterwards	we	tried	to	knockout	oriC,	so	we	would	end	up	 with	 two	 strains	 only	 containing	 one	ectopic	 origin	 each.	 We	 would	 then	 have	made	 a	 P1vir	 transduction	 with	 RUC1553	as	 the	 recipient	 cell,	 which	 contains	 both	
oriC	and	oriZ.	The	result	would	have	been	a	strain	with	three	origins.	None	of	the	P1vir	transduction	 where	 oriC	 should	 be	removed	did	succeed,	so	we	continued	with	the	 strains	 RUC1602	 and	 RUC1603.	When	we	 reached	 this	 decision	 the	 plates	 with	the	 bacteria	 had	 been	 in	 the	 fridge	 for	 a	while	and	some	possible	contaminants	had	infected	 the	 plate,	 se	 figure	 16	 where	 the	possible	contaminants	are	marked	with	red	rings.		
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Figure	16.	RUC1602	and	RUC1603	containing	oriC	and	
oriX.	After	some	time	in	the	fridge	the	plates	with	the	
two	 strains,	 RUC1602	 and	 RUC1603,	 were	 infected	
with	 contaminants.	 The	 contaminants	 are	 marked	
with	the	red	rings.			
We	chose	to	test	a	colony	from	each	of	the	strains,	 RUC1602	 and	 RUC1603,	 on	 three	plates;	 a	 Lysogeny	 broth	 (LB)	 plate,	 an	LB+chloramphenicol	 plate	 and	 an	ABTG+biotin	 plate,	 see	 figure	 17.	 We	 did	this	 because	 the	 strains	 RUC1602	 and	RUC1603	have	phenylalanine	 requirement	and	 chloramphenicol	 resistance,	 so	 they	should	 therefore	only	grow	on	 the	LB	and	the	 LB+chloramphenicol	 plate.	 The	 result	was	as	expected	and	we	continued	with	the	colonies	to	flow	cytometry.	
Figure	17:	Test	of	the	two	strains,	RUC1602	and	RUC1603.	RUC1602	and	RUC1603	have	phenylalaline	requirements	
and	chloramphenicol	resistance	and	should	therefore	only	grow	on	the	LB	and	the	LB+chloramphenicol	plate.	The	
colonies	grew	as	expected	and	we	could	continue	with	the	colonies	to	flow	cytometry.		
3.2	Three	origins	In	 an	 attempt	 to	 make	 E.	 coli	 cells	 with	three	origins,	it	went	wrong	in	the	removal	of	the	chloramphenicol	resistance	at	oriZ	in	
the	 RUC1553	 strain	 via	 the	 FLP-FRT	recombination.	 We	 tried	 the	 FLP-FRT	recombination	method	three	times	without	success.	 After	 the	 second	 time	we	 tried	 to	extract	the	plasmid	our	self.	We	ran	it	in	an	
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agarose	 gel,	 but	we	 only	 got	 a	 small	 band	on	 the	 agarose	 gel	 in	 the	 well	 with	 5	𝜇l	RUC1600,	 see	 figure	 18	 at	 well	 1	 at	 the	black	 ring.	 The	 wells	 contained	 the	following	 from	 left	 to	 right;	 (1)	 5 𝜇𝑙	RUC1600,  2  1 𝜇𝑙 	RUC1600,	 3 	5 𝜇𝑙	RUC1599,	 (4)  1 𝜇𝑙 	RUC1599,	 (5)	 1 𝜇𝑙	PBr322,	 (6)	2 𝜇l	𝜆BstEII	 and	 (7)	2 𝜇l	𝜆100.	RUC1600	 and	 RUC1599	 are	 the	 pCP20	plasmid.	 PBr322	 served	 as	 a	 positive	control.	𝜆100	 and	𝜆BstEII	 are	 markers	 for	DNA	size.	
	
Figure	 18:	 Plasmid	 purification	 on	 an	 agarose	 gel.	
From	left	to	right	there	are	the	following	in	the	wells;	
(1)	 5𝝁l	 RUC1600, 𝟐  𝟏𝝁l	 RUC1600,	 𝟑 	5𝝁l	 RUC1599,	
(4) 𝟏𝝁l	 RUC1599,	 (5)	𝟏𝝁𝒍	PBr322,	 (6)	𝟐𝝁l	𝝀BstEII	 and	
(7)	 𝟐𝝁 l	 𝝀 100.	 The	 PBr322	 plasmid	 served	 as	 a	
positive	control.	There	is	a	small	band	at	well	1	at	the	
black	ring,	which	is	our	plasmid.	We	chose	to	proceed	with	the	plasmid	and	made	electro-competent	cells,	but	the	FLP-FRT	 recombination	 did	 not	 succeed.	 The	last	two	times	we	made	electro-competent	cells	 we	 had	 a	 positive	 control	 PBr322	 to	
make	 sure	 that	 we	 were	 able	 to	 make	electro-competent	 cells.	 Figure	 19	 shows	the	 positive	 control,	 PBr322,	 and	 the	negative	 control,	 RUC1553	 without	plasmid,	 on	 an	 LB+ampicillin	 plate.	Because	 both	 controls	 have	 gone	 through	the	 same	 procedure	 as	 our	 samples	 with	the	 pCP20	 plasmid	 and	 PBr322	 grow	widely	 as	 expected,	 which	 indicated	 that	we	 succeed	 in	 making	 electro-competent	cells.		
	
Figure	 19.	 An	 LB+ampicillin	 plate	 with	 PBr322	 and	
RUC1553.	 PBr322	 is	 the	 positive	 control	 and	
RUC1553	 is	 the	 negative	 control.	 Because	 PBr322	
grew	as	widly	as	seen	we	succeed	 in	making	electro-
competent	cells.		We	came	to	the	conclusion	that	the	plasmid	kit	 was	 of	 poor	 quality.	 PBr322	 should	grow	 wildly,	 which	 were	 the	 reason	 that	we	 used	 it	 as	 positive	 control,	 as	 seen	 in	figure	19,	while	 the	pCP20	plasmid	do	not	grow	 as	 widely	 on	 a	 LB+ampicillin	 plate,	
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but	it	should	grow	more	than	it	did	though,	see	figure	20.		
	
Figure	20.	Electro-competent	cells.	Four	cultures	from	
the	strain	RUC1533	with	the	pCP20	plasmid	grew	on	a	
LB+ampicillin	plate.	There	was	not	as	many	colonies	
as	 we	 had	 expected,	 but	 we	 continued	 with	 them,	
because	 the	 controls	 indicated	 that	 we	 had	 made	
electro-competent	 cells.	 The	 plate	 had	 been	 in	 an	
incubator	 for	 three	days	 and	 in	 that	 amount	 of	 time	
there	had	turned	up	sattellit	colonies.		We	did	not	expect	 that	 the	pCP20	plasmid	only	 grew	 up	 with	 four	 colonies,	 but	 we	chose	 to	 continue	 with	 them.	 The	 plates	had	 been	 in	 an	 incubator	 at	 32 ℃	throughout	 a	 weekend.	 Figure	 20	 shows	satellite	colonies	on	the	plates,	which	often	occurs	on	ampicillin	plates.	This	is	because	the	 resistant	 bacteria	 can	 produce	 beta-lactamase,	which	forms	an	area	around	the	resistant	 bacteria	 where	 beta-lactamase	has	 degraded	 the	 ampicillin.	 The	 result	 is	that	 bacteria	 that	 are	 not	 ampicillin	
resistant	 can	 grow	 around	 the	 resistant	bacteria	 (Willey	 et	 al.,	 2014).	 We	 plated	bacteria	 from	 the	 middle	 and	 from	 the	outer	edges	from	the	four	satellite	colonies	from	 figure	 20,	 on	 a	 LB+ampicillin	 plate.	The	 result	 was	 as	 expected;	 the	 middle	from	 each	 of	 the	 four	 colonies	 had	resistance	 against	 ampicillin	 and	 could	therefore	grow	on	the	LB+ampicillin	plate.	The	 colonies	 from	 the	 outer	 edge	 had	 not	formed	 ampicillin	 resistance	 and	 could	therefore	not	grow	on	the	plate,	see	figure	21.		
	
Figure	21.	Testing	the	four	colonies.	The	four	sections	
with	 growth	 is	 from	 the	middle	 of	 the	 four	 colonies	
from	figure	20.	The	four	setions	without	any	growth	is	
from	the	edge	from	the	four	colonies	on	figure	20.	The	
result	turn	out	as	expected	because	the	middle	of	the	
four	 colonies	 have	 ampicillin	 resistance,	 where	 the	
colonies	from	the	edge	did	not.		We	 plated	 a	 colony	 from	 each	 of	 the	 four	colonies	with	resistance	 from	figure	21	on	
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a	 LB	 plate	 and	 on	 a	 LB+chloramphenicol	plate.	 Our	 RUC1553	 culture,	 which	contains	oriC	 and	oriZ	and	should	have	no	chloramphenicol	resistance	due	to	the	FLP-FRT	 recombination,	 ought	 not	 to	 grow	 on	the	LB+chloramphenicol	plates.	All	the	four	colonies	 grew	 on	 the	 LB+chloramphenicol	plate,	 indicating	 that	 something	 went	wrong,	see	figure	22.	RUC1550	served	as	a	negative	 control	 on	 the	LB+chloramphenicol	plate,	because	 it	does	not	 have	 chloramphenicol	 resistance,	 and	the	 original	 RUC1553	 served	 as	 a	 positive	control	on	the	LB+chloramphenicol	plate.		
	
Figure	 22.	 Test	 of	 the	 colonies	 from	 figure	 21.	 The	
electro-competent	 cell	 should	 not	 grow	 on	 the	
LB+chloramphenicol	 plate	 because	 they	 should	have	
lost	 their	 chloramphenicol	 resitance	 due	 to	 the	 FLP-
FRT	 recombination.	 RUC1553	 served	 as	 a	 	 positive	
control	 on	 the	 LB+chloramphenicol	 plate,	 while	
RUC1550	served	as	a	negative	control.		
3.3	Dps	We	have	through	the	project	made	a	 lot	of	P1vir	 transduction	 but	 most	 without	success.	 There	 were	 particular	 difficulties	with	 the	 negative	 control,	 RUC1550,	 on	LB+chloramphenicol	 and	 the	 negative	controls,	 RUC1550	 and	 RUC1553,	 on	
LB+kanamycin	 plates.	 The	 negative	controls	 grew	 on	 the	 plates	 and	 made	 it	impossible	for	us	to	use	the	results.	At	this	point	 we	 began	 to	 check	 all	 the	materials	that	were	 used	 in	 the	 experiment	 such	 as	sodium	 citrate	 and	 CaCl2	 to	 see	 if	 it	 was	contaminated.	It	turned	out	that	it	was	not.	We	eventually	came	to	the	conclusion	that	there	 were	 some	 issues	 with	 the	LB+chloramphenicol	 plates	 and	 that	 the	kanamycin	antibiotic	was	too	old	or	of	poor	quality.	This	made	the	plates	 ineffective	to	use	 to	 select	 for	 antibiotic	 markers.	 After	the	 discovery	 we	 compared	 the	 old	chloramphenicol	 plates	 with	 some	 other	plates	and	our	kanamycin	plates	with	some	other	 plates	 from	 a	 new	 source	 of	kanamycin.	 The	 new	 plates	 turned	 out	 to	be	 much	 more	 effective	 and	 had	 no	contaminations,	but	we	did	not	 succeed	 in	creating	 any	 cells	 with	 ∆ Dps.	 Another	possible	 source	 of	 error	 in	 the	 old	 plates	could	be	due	to	a	calculating	error.	A	third	possibility	 that	 it	 failed	 could	 be	 that	 the	phages	 were	 the	 problem.	 The	 phage	solution	could	contain	too	few	or	too	many	phages.	If	there	are	too	many	phages	all	of	the	 cells	 will	 be	 infected,	 but	 the	 phages	will	 at	 the	 same	 time	 also	 kill	 the	 cells.	Conversely,	if	there	are	too	few	phages	the	chances	 to	 get	 the	 cells	 infected	 with	 the	gene	 of	 interest	 are	 very	 small.	 Due	 to	 a	
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mixture	 of	 all	 these	 problems	 we	 did	 not	manage	to	make	any	∆Dps	cells.	
3.4	Flow	cytometry	The	OD450	measurements	for	all	of	the	four	strains	were	entered	in	an	Excel	sheet	were	the	 doubling	 times	 were	 calculated,	 see	table	2.	
Table	2.	The	doubling	times	of	the	strains	in	minutes.		
Strains	 Doubling	times	
RUC1550	 85,9	
RUC1553	 80,0	
RUC1602	 87,6	
RUC1603	 86,8	The	doubling	times	indicate	that	the	strains	are	 slow-growing	 cells,	 see	 figure	 4.	 We	made	 a	 plot	 of	 the	 OD450	 measurements	against	time	with	a	semi-logarithmic	scale,	see	figure	23.		
	
Figure	 23.	 Growth	 curve	 on	 semi-logarithmic	 scale.	
The	blue	dots	are	RUC1550,	the	red	are	RUC1553,	the	
green	are	RUC1602	and	the	crosses	are	RUC1603.	The	
OD450	 measurements	 were	 used	 to	 see	 if	 the	 four	
strains	 were	 in	 the	 exponential	 phase,	 when	 the	
samples	 were	 taken.	 There	 is	 a	 nick	 on	 the	 graph	
around	 an	 OD450	 of	 0,2,	 which	 indicates	 that	 the	
strains	entered	stationary	phase	before	we	expected.		
The	 plot	 shows	 that	 the	 four	 strains	 grew	very	 similar.	 The	 blue	 dots	 are	 RUC1550,	the	 red	 dots	 are	 RUC1553,	 the	 green	 dots	are	RUC1602	and	the	crosses	are	RUC1603.	The	 plot	 was	 used	 to	 see	 if	 the	 bacteria	were	 in	 the	 exponential	 phase	 when	 we	took	the	samples	for	flow	cytometry.	There	is	a	nick	on	the	growth	curve,	which	could	indicate	 that	 the	 bacteria	 went	 to	stationary	phase	around	an	OD450	of	0,2.	On	figure	 24	 there	 are	 two	 lines,	 which	separates	 the	 data	 points	 before	 and	 after	the	nick.		
	
Figur	 24.	 Growth	 curve	with	 indication	 lines.	 A	 nick	
appears	around	an	OD450	of	0,2	that	splits	the	growth	
curve	into	two	lines,	which	indicates	that	the	bacteria	
went	 into	 stationary	phase	before	we	 expected	 it	 to.	
The	red	line	indicates	the	stationary	phase	while	the	
blue	line	indicates	the	exponential	phase.	The	 blue	 line	 on	 figure	 24	 indicates	 the	exponential	 phase	 while	 the	 red	 line	indicates	the	stationary	phase.	The	bacteria	entered	 stationary	 phase	 earlier	 than	 we	expected.	 We	 expected	 it	 to	 enter	stationary	phase	between	an	OD450	 of	 0,5-0,8	and	not	around	0,2.	Our	flow	cytometry	
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samples	 are	 therefore	 not	 optimal.	 We	calculated	 the	 doubling	 times	 for	 the	 four	strains	before	and	after	the	nick	in	an	Excel	sheet.	 The	 doubling	 times	 are	 showed	 in	table	3.	
Table	3.	Doubling	times	before	and	after	the	nick	in	
minutes.	
	 Doubling	times	
before	the	nick	
Doubling	times	
after	the	nick	
RUC1550	 68.4		 99.8		
RUC1553	 85.6		 99.8	
RUC1602	 82.9		 102.4		
RUC1603	 86.2		 98.5			There	 is	 a	 huge	difference	 in	 the	doubling	times	before	and	after	the	nick.	This	makes	it	 clear	 that	 the	 bacteria	 went	 into	stationary	 phase	 around	 an	 OD450	 of	 0,2.	We	ran	our	samples	for	flow	cytometry	and	compared	the	histograms	anyway.	The	first	sample	 that	 was	 analyzed	 was	 a	 DnaA	sample.	 This	 is	 a	 standard	 sample,	 which	indicates	 if	 the	 flow	 cytometer	 works	 or	not.	 This	 sample	 has	 to	 give	 a	 good	histogram.	The	histogram	is	good	when	the	different	 peaks	 that	 indicates	 the	 number	of	 chromosomes	 is	 clearly	 separated,	 see	figure	25.	
	
Figure	25.	DnaA	sample.	A	good	histogram	with	soft	
curves	clearly	separation	and	with	only	a	little	noise.	Figure	 25	 shows	 a	 nice	 histogram	 for	 the	DnaA	 sample	with	 clearly	 separation,	 only	a	little	noise	and	with	smooth	curves.	Next	we	 ran	 our	 samples	 for	 RUC1550,	RUC1553,	 RUC1602	 and	 RUC1603.	 All	 of	the	histograms	have	one	thing	in	common;	they	 contained	 a	 lot	 of	 noise	 and	 they	 did	not	have	smooth	curves.	The	samples	with	rifampicin	 and	 cephalexin	 have	 more	smooth	curves	than	the	other	samples	and	they	show	a	clear	separation	between	one,	two	and	four	chromosomes.	This	was	as	we	expected	 but	 it	 has	 not	 as	 smooth	 curves	and	 clear	 separation	 as	 the	 DnaA	 sample,	as	 figure	 25	 shows.	 The	 histograms	 on	figure	 26	 are	 from	 the	 samples	 for	 the	strain	 RUC1550.	 26A	 with	 an	 OD450	 of	0,092,	26B	is	with	an	OD450	of	0,197,	26C	is	with	 an	 OD450	 of	 0,344,	 26D	 is	 the	 same	OD450	 as	 26A	 with	 rifampicin	 and	cephalexin,	 26E	 is	 the	 same	 OD450	 as	 26B	with	 rifampicin	 and	 cephalexin	 and	26F	 is	the	same	OD450	as	26C	with	rifampicin	and	cephalexin.		
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Figure	26.	Histograms	for	flow	cytometry	samples	for	RUC1550.	A	is	RUC1550	with	an	OD450	of	0,092,	B	is	RUC1550	
with	an	OD450	of	0,197,	C	is	RUC1550	with	an	OD450	of	0,344,	D	is	the	same	OD450	as	A	with	rifampicin	and	cephalexin,	
E	is	the	same	OD450	as	B	with	rifampicin	and	cephalexin	and	F	is	the	same	OD450	as	C	with	rifampicin	and	cephalexin.		Figure	26A	 shows	 that	 the	 cells	 replicated	as	 expected.	 RUC1550	 has	 one	 origin	 and	replicate	 therefore	 at	 a	 continuously	 rate,	and	does	not	fasten	up	in	the	beginning	as	shown	on	 the	histogram	 for	RUC1553,	 see	figure	 27A	 and	 B.	 Figure	 26C	 shows	 that	the	 cells	 accumulate	 at	 the	 first	 peak	with	an	 OD450	 of	 0,344.	 Figure	 26D,	 E	 and	 F	shows	the	same	as	figure	26A,	B	and	C	and	makes	it	clear,	that	the	samples	with	OD450	of	0,197	and	0,344	are	 in	stationary	phase	and	 not	 in	 exponential	 phase	 as	 we	expected.	 The	 data	 match	 the	 doubling	
times	in	table	3,	which	show	that	there	is	a	huge	 difference	 between	 the	 doubling	times	 in	 the	 exponential	 phase	 and	stationary	 phase.	 The	 histogram	 on	 figure	27	 shows	 the	 samples	 for	 RUC1553.	 27A	with	 an	 OD450	 of	 0,093,	 27B	 is	 with	 an	OD450	 of	 0,197,	 27C	 is	 with	 an	 OD450	 of	0,309,	 27D	 is	 the	 same	OD450	 as	 27A	with	rifampicin	and	cephalexin,	27E	is	the	same	OD450	 as	 27B	 with	 rifampicin	 and	cephalexin	 and	 27F	 is	 the	 same	 OD450	 as	27C	with	rifampicin	and	cephalexin.		
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Figure	27.	Histograms	for	flow	cytometry	samples	for	RUC1553.	A	is	RUC1553	with	an	OD450	of	0,093,	B	is	with	an	
OD450	of	0,197,	C	 is	with	an	OD450	of	0,309,	D	is	the	same	OD450	as	A	with	rifampicin	and	cephalexin,	E	 is	the	same	
OD450	as	B	with	rifampicin	and	cephalexin	and	F	is	the	same	OD450	as	C	with	rifampicin	and	cephalexin.		Figure	 27A	 and	 27B	 shows	 that	 RUC1553	replicates	 faster	 at	 first,	which	 is	 opposite	to	 RUC1550.	 This	 can	 be	 seen	 on	 Figure	27A	and	27B	by	the	valley,	which	is	bigger	between	 the	 two	 peaks,	 than	 it	 is	 in	 the	RUC1550	 strain.	 This	 is	 expected	 because	RUC1553	 has	 two	 origins.	 Figure	 27C	shows	 that	 the	 cells	 accumulate	 a	 little	more	 at	 the	 first	 peak,	 than	 at	 the	 second	peak,	 which	 means	 that	 the	 cells	 are	entering	 the	 stationary	 phase.	 However,	figure	27D,	E	and	F	shows	that	almost	all	of	
the	cells	accumulate	at	the	second	peak	and	not	at	the	first	as	in	figure	26F,	which	was	not	as	expected	because	that	the	cells	were	in	 stationary	 phase.	 Figure	 28	 shows	histograms	 for	 RUC1602.	 28A	 with	 an	OD450	 of	 0,096,	 28B	 is	 with	 an	 OD450	 of	0,196,	28C	is	with	an	OD450	of	0,316,	28D	is	the	same	OD450	as	28A	with	rifampicin	and	cephalexin,	 28E	 is	 the	 same	 OD450	 as	 28B	with	 rifampicin	 and	 cephalexin	 and	28F	 is	the	same	OD450	as	28C	with	rifampicin	and	cephalexin.	
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Figure	28.	Histograms	for	flow	cytometry	samples	for	RUC1602.	A	with	an	OD450	of	0,096,	B	is	with	an	OD450	of	0,196,	
C	is	with	an	OD450	of	0,316,	D	is	the	same	OD450	as	A	with	rifampicin	and	cephalexin,	E	is	the	same	OD450	as	B	with	
rifampicin	and	cephalexin	and	F	is	the	same	OD450	as	C	with	rifampicin	and	cephalexin.	Figure	 28A,	 B	 and	 C	 shows	 that	 RUC1602	are	similar	to	the	histograms	for	RUC1553	in	 figure	 27A,	 B	 and	 C	 because	 RUC1602	also	 replicates	 faster	 in	 the	 beginning	 and	accumulates	 the	 cell	 at	 the	 second	 peak.	Figure	28D,	E	and	F	looks	like	RUC1553	in	figure	 27D,	 E,	 F,	 they	 both	 replicate	 the	cells	 faster	 in	 the	 beginning	 and	 they	accumulate	 the	cells	 in	 the	second	peak	 in	
the	 stationary	 phase.	 Figure	 29	 shows	histograms	 for	 RUC1603.	 29A	 with	 an	OD450	 of	 0,103,	 29B	 is	 with	 an	 OD450	 of	0,195,	29C	is	with	an	OD450	of	0,344,	29D	is	the	same	OD450	as	29A	with	rifampicin	and	cephalexin,	 29E	 is	 the	 same	 OD450	 as	 29C	with	rifampicin	and	cephalexin.		
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Figure	29.	Histograms	for	flow	cytometry	samples	for	RUC1603.	A	with	an	OD450	of	0103,	B	is	with	an	OD450	of	0,195,	
C	is	with	an	OD450	of	0,344,	D	is	the	same	OD450	as	A	with	rifampicin	and	cephalexin	and	E	is	the	same	OD450	as	C	with	
rifampicin	and	cephalexin.	Figure	 29A	 shows	 two	 peaks,	 then	 three	peaks	at	figure	29B	and	two	again	at	figure	29C.	 The	 cell	 accumulates	 at	 the	 last	 peak	in	figure	29B	and	C.	This	is	the	same	for	the	histograms	for	RUC1553	and	RUC1602,	see	figure	 27	 and	 28	 respectively.	 This	 is	 not	what	we	expected	because	the	cells	should	accumulate	at	the	first	peak,	like	RUC1550,	because	 they	 stop	 initiation	 of	 replication	in	 stationary	 phase.	 RUC1602	 and	RUC1603	look	like	RUC1553,	which	we	had	expected	 because	we	 thought	 they	 all	 had	two	 origins.	 These	 results	 could	 indicate	
that	 the	 oriX	 has	 been	 inserted	 correct	 in	the	 strains	 RUC1602	 and	 RUC1603.	However,	 something	 must	 have	 gone	wrong	 because	 the	 three	 strains	 do	 not	accumulate	the	cells	at	the	first	peak	in	the	stationary	phase,	there	is	a	lot	of	noise	and	the	 curves	 are	 not	 smooth.	 This	 will	 be	discussed	in	the	next	chapter.	
3.5	Further	analysis		In	the	future	work	the	first	thing	we	would	have	done	was	to	test	our	phage	solution	to	see	 if	 it	 contained	 the	expected	number	of	
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phages.	 In	 that	 way	 we	 could	 either	 have	found	our	source	of	error	or	have	excluded	one	of	them.	Further	on	if	our	experiments	had	 went	 as	 expected,	 we	 would	 have	created	an	E.	coli	strain	with	three	origins,	and	 with	∆Dps	 to	 test	 if	 the	 cells	 would	become	more	 stressed.	 If	 the	 experiments	with	 three	 origins	 had	 succeeded,	 we	would	 have	 knockout	 oriC	 in	 the	 strains,	which	 would	 result	 in	 a	 strain	 with	 two	ectopic	 origins.	 This	 could	 be	 interesting	because	 of	 the	 ribosomal	 operons,	 see	figure	 14.	 oriZ	 would	 move	 against	 the	direction	 of	 the	 C,	 A,	 B	 and	 E	 ribosomal	operons	 and	 oriX	 would	move	 against	 the	ribosomal	 operon	 D.	 Furthermore,	 we	would	 have	 sent	 the	 strain	 with	 three	origins	 and	 the	 strain	 with	 two	 ectopic	origins	to	next	generation	sequencing.	The	data	 from	 next	 generation	 sequencing	could	 be	 used	 to	 make	 marker	 frequency	analysis	 like	 those	 from	 Ivanova	 et	 al.’s	study.	 If	 a	 successive	 P1vir	 transduction	were	 made	 between	 the	 donor	 strain	RUC1598	 and	 the	 recipient	 strain	RUC1550,	 the	 genotype	∆Dps::kanR	 would	have	 been	 transferred	 to	 RUC1550.	 Two	different	methods	 can	 be	 used	 to	 check	 if	the	 transduction	 was	 a	 success.	 First	 a	kanamycin	 selection	 can	 be	 made,	 only	allowing	resistant	cells	to	grow.	These	cells	now	contain	some	sort	of	resistance	to	the	
kanamycin	 antibiotic.	 This	 does	 not	 proof	that	Dps	 is	 knocked	 out.	 Dps	 is	 known	 to	condense	 and	 crystalize	 DNA	 in	 the	stationary	phase	during	oxidative	stress.	So	a	comparison	of	the	transduced	cells	with	a	wild-type	strain	could	be	a	way	to	check	if	the	Dps	gene	is	effective	or	not.	
4	Discussion	In	this	chapter	the	results	will	be	compared	to	 the	 introduction	 and	 results	 will	 in	generally	by	discussed.	
4.1	Discussion	of	the	correlation	
between	the	introduction	and	the	results		In	 this	 section	 the	 important	 issues	 in	relation	to	the	experimental	work	from	the	introduction	will	be	discussed.			During	 our	 research	 we	 encountered	 two	articles,	 which	 have	 conflicting	 results.	Wang	et	al.’s	study	from	2011	showed	that	
E.	 coli	 bacteria	 with	 an	 ectopic	 origin	replicated	 as	 well	 as	 wild-type	 E.	 coli	bacteria	 and	 E.	 coli	 bacteria	 with	 two	origins.	 Ivanova	 et	 al.’s	 study	 from	 2015	showed	 the	 opposite;	E.	 coli	 bacteria	with	an	 ectopic	 origin	 could	 not	 replicate	optimal.	 This	 could	 be	 due	 to	 that	 the	replication	 forks	 are	 moving	 in	 the	opposite	 direction	 of	 the	 ribosomal	operons	C,	A,	B	and	E.	When	the	replication	forks	are	moving	 in	 the	opposite	direction	
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they	do	not	encounter	the	RNA	polymerase	complexes,	 which	 are	 located	 at	 the	ribosomal	 operons,	 correct	 and	 the	replication	 forks	 and	 the	 RNA	 polymerase	are	 colliding	 (Ivanova	 et	 al.,	 2015).	 We	would	had	made	our	one	experiment	with	
E.	 coli	 bacteria	 with	 two	 ectopic	 origins,	
oriX-oriZ,	 to	 test	 if	we	got	 the	same	result.	Theoretically	 it	 would	 be	 the	 ribosomal	operons,	 C,	 A,	 B,	 E	 and	D	 that	would	have	created	problems	 for	 the	replication	 forks,	see	 figure	14.	 Ivanova	et	al.	used	the	same	
E.	 coli	 strain	 as	 us,	 the	MG1655	 strain.	 To	show	 the	 inverted	 segment	 they	 used	 a	picture	of	E.	coli	bacteria	from	the	AB1157	strain,	the	same	strain	as	Wang	et	al.	used.	All	E.	coli	bacteria	would	theoretically	have	the	 same	 problem	 with	 replication	 when	encountering	 the	 mentioned	 ribosomal	operons,	which	 justifies	 that	 it	 is	 the	same	that	 happened	 in	 the	 MG1655	 E.	 coli	bacteria	strain	containing	oriZ.	The	 first	 to	make	a	construction	of	E.	coli	bacteria	with	only	 oriZ	were	Wang	 et	 al.	 in	 2011.	 They	placed	oriZ	1	Mb	from	where	oriC	originally	were	 and	 the	 same	 did	 Ivanova	 et	 al.	 in	2015.	One	of	the	reasons	that	they	came	to	different	result	could	be	that	they	used	and	had	 access	 to	 different	 methods.	 Wang	 et	
al.	used	 flow	 cytometry	 and	 Ivanova	 et	al.	used	 marker	 frequency	 analysis.	 The	results	 could	 indicate	 that	 flow	 cytometry	
is	 not	 the	 best	 method	 to	 use	 to	 examine	the	 replication	 speed	 in	 bacteria	 with	multiple	 origins.	 The	 replication	 speed	 of	the	 replication	 forks	 could	 be	 calculated	from	 the	 graphs	 for	 the	marker	 frequency	analysis,	 which	 would	 have	 been	 relevant	in	this	work.	However,	histograms	for	flow	cytometry	 could	 be	 a	 good	 marker	 of	whether	 to	 proceed	with	 the	 results	 or	 to	do	another	attempt.		If	most	replication	forks	replicate	at	a	rate	of	 1000	 nucleotides	 per	 second,	 and	 an	E.	
coli’s	 chromosome	 is	 about	 4,6	 Mbp	(Bergthorsson	and	Ochman,	1998),	 then	 it	would	 take	 about	 40	 minutes	 to	 replicate	the	 chromosome,	 if	 both	 replication	 forks	replicate	at	 this	specific	rate.	Many	 factors	can	 interfere	with	 the	 replication	speed.	 If	the	 replication	 forks	 replicate	 too	 fast,	while	moving	along	 the	DNA	strands,	 they	will	knock	them	selves	off.	Before	entering	such	 fast	 replication	speed,	 the	 replication	forks	 might	 first	 enter	 a	 rate,	 where	 the	replication	is	very	imprecise	and	mutations	might	 accumulate,	 due	 to	 mismatched	bases	 or	 other	 replication	 fork	 errors.	 If	DNA	errors	accumulate	 in	a	normal	E.	coli,	then	repair	mechanisms	should	accumulate	as	well,	which	could	have	an	impact	on	the	replication	 speed.	 If	 the	 speed	 of	 the	replication	 forks	 accelerates	 too	 fast,	 the	
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efficiency	 of	 replication	 might	 decrease,	which	could	be	some	of	the	reasons	of	why	the	rate	of	replication	is	sometimes	set	to	a	specific	 point,	 that	 is	 not	 the	 fastest	possible	rate.	
4.2	Discussion	of	results	In	 this	 section	 the	 results	 of	 the	experimental	work	will	be	discussed.	Since	the	 results	 are	 limited	 because	 of	 a	 lot	 of	failed	 attempts	 during	 the	 experimental	work,	 the	 expected	 results	 will	 also	 be	discussed.		
4.2.1	Multiple	origins		The	 main	 purpose	 of	 the	 experimental	work	was	to	check	why	the	bacteria	get	 in	the	 condition	of	 oxidative	 stress	when	 the	!"#!"#	ratio	 increases.	 Our	 guess	was	 that	 the	oxidative	stress	was	caused	by	the	increase	of	 replication	 forks.	 	 The	 way	 we	 would	check,	 if	 the	 increase	 of	 replication	 forks	causes	 oxidative	 stress,	 was	 to	 examine	bacteria	 with	 one,	 two	 and	 three	 origins	and	 see	 if	 the	 condition	 worsens	 as	 the	origin	 increases.	 If	 our	 attempt	 in	making	cells	with	 three	 origins	has	 succeeded,	we	would	 have	 compared	 the	 different	replication	 speeds	 to	 see	 if	 the	 speed	decreases	 as	 the	 origins	 increases.	 We	expected	 that	 the	 result	would	be	 that	 the	cells	 with	 two	 and	 three	 origins	 would	replicate	 slower	 than	 the	 cells	 with	 one	
origin.	 We	 would	 therefore	 expect	 the	doubling	 times	 for	 cells	with	 two	or	more	origins	to	be	higher	than	the	cells	with	only	one	origin.	Our	data	from	table	2	indicates	that	 there	 only	 is	 a	 small	 difference	between	 the	 doubling	 times	 of	 the	 four	strains.	 However,	 the	 doubling	 times	 for	the	exponential	phase,	in	table	3,	looks	like	what	 we	 expected.	 RUC1550	 replicates	faster	 in	 the	 exponential	 phase	 then	RUC1553,	 RUC1602	 and	 RUC1603	 does.	RUC1550	 has	 a	 doubling	 time	 of	 68,4	minutes	 whereas	 the	 strains	 with	 two	origins	 have	 a	 doubling	 time	 between	 83	and	 86	 minutes.	 If	 we	 had	 been	 able	 to	create	 and	 test	 strains	 with	 three	 origins,	we	 would	 have	 expected	 to	 see	 an	 even	higher	 doubling	 time	 than	 for	 the	 strains	with	two	origins.	If	this	were	true	it	would	indicate	 that	 the	 number	 of	 origins	 does	have	 a	 direct	 impact	 on	 the	 oxidative	stress.	One	of	the	reasons	why	we	expected	this,	were	that	multiple	origins	are	seen	to	cause	oxidative	stress	and	this	could	be	due	to	that	cells	with	more	origins	has	a	higher	energy	consumption.	If	an	ectopic	origin	is	inserted	it	causes	an	increase	in	replication	forks.	 One	 replication	 fork	 is	 using	 an	amount	of	energy	and	when	the	number	of	replication	 forks	 increases,	 the	 energy	consumption	 will	 also	 increase.	When	 the	cell	 need	 more	 energy	 the	 metabolic	 rate	
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increases,	which	would	create	more	ROS	as	byproduct	 and	 this	 would	 cause	 oxidative	stress	 and	 possibly	 a	 slower	 replication	speed.	 When	 testing	 RUC1602	 and	RUC1603	 in	 the	 flow	 cytometer	 and	when	measuring	 their	OD450,	 it	would	have	been	interesting	 if	we	 had	measured	 their	 level	of	 ROS.	 By	measuring	 the	 level	 of	 ROS	we	would	have	two	ways	to	check	if	the	cell	is	stressed,	both	by	the	replication	speed	and	the	ROS	level.	A	way	to	check	the	ROS	level	could	 be	 to	 measure	 the	 concentration	 of	one	of	the	ROS	in	the	bacteria	and	see	 if	 it	was	 increased	 in	 the	 bacteria	with	 two	 or	more	 origins	 relative	 to	 the	 bacteria	 with	one	origin.	
4.2.2	Dps	If	 our	 attempt	 to	 create	∆Dps	 strains	 had	succeed,	the	following	steps	would	involve	tests	 in	 relation	 to	 oxidative	 stress.	 The	∆ Dps	 strains	 could	 properly	 get	 more	stressed.	 This	 could	 have	 an	 effect	 on	 the	replication	 speed,	 but	 on	 the	 other	 hand,	Dps	might	 form	clusters	 that	 can	 interfere	with	 replication	 forks,	 and	cause	 the	wild-type	cells’	replication	to	be	slower.	A	study	by	Simmons	et	al.	 from	2004	suggests	that	DnaA-DNA	 complexes	 might	 impede	 fork	movement,	because	DnaA	can	bind	to	DNA	with	 high	 affinity	 at	 specific	 sites,	 and	thereby	 stall	 the	 replication	 forks	(Simmons	 et	 al.,	 2004).	 If	 Dps	 is	 able	 to	
bind	 with	 the	 same	 affinity	 like	 DnaA	 to	DNA	 and	 form	 some	 sort	 of	 clusters,	 Dps	might	 be	 able	 to	 impede	 replication	 fork	movement	 just	 like	 suggested	 for	 DnaA.	General	we	believe	 that	∆Dps	strains	has	a	lower	 replication	 speed	 because	 of	 the	effect	 Dps	 has	 on	 the	 production	 of	 ROS.	The	 correlation	 between	 Dps	 and	 the	impeding	 effect	 has	 not	 yet	 been	 tested,	and	therefore	we	do	not	know	if	there	is	a	connection,	 and	 if	 so	 how	 strong	 it	 might	be.	The	purpose	of	our	planned	experiment	was	 to	 test,	 whether	 or	 not	 Dps	 has	 an	effect	on	the	replication	speed.	
4.2.3	Flow	cytometry	During	 our	 finale	 testing	 of	 RUC1602,	RUC1603,	 RUC1550	 and	 RUC1553	 in	 the	flow	 cytometer	 we	 did	 measure	 data	 six	times	 for	 each	 strain,	 through	 a	 period	 of	two	 sets.	 This	 ensured	 us	 to	 have	 a	reasonable	 amount	 of	 data	 to	 analyze	 in	case	 some	 of	 the	 cell	 preparations	contained	errors	or	just	too	much	noise.	As	we	 expected	 some	 cell	 preparations	 were	with	less	noise	than	others.	The	first	set	of	cell	 data	 we	 tested	 contained	 very	 high	concentrations	 of	 cells,	 and	 this	 gave	 us	problems	with	a	lot	of	noise	in	the	samples.	Even	 though	we	 tested	 the	 samples	 at	 the	lowest	flow	rate	possible,	we	did	get	a	flow	of	 events	 of	 approximately	 100.000	 cells	per	𝜇𝑙 	with	 a	 rate	 of	 0.5  𝜇𝑙 	per	 minutes.	
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When	 testing	 samples	 with	 such	 high	concentration	of	 cells	 they	might	 interfere	with	 each	 other’s	 flow	 scatter,	 and	 this	turns	 up	 as	 noise.	 A	 lower	 flow	 of	 events	might	 help	 and	 lower	 the	 noise,	 therefore	20.000	 cells	 per	 𝜇𝑙 	could	 be	 optimal.		Running	our	second	set	of	preparations	we	tried	to	 lower	the	concentration	of	cells	 to	minimize	this	noise,	and	to	give	us	a	better	chance	 to	 obtain	 data	 of	 higher	 quality.	During	 the	 second	 run	 something	 went	wrong.	 It	 could	 be	 the	 lamp	 in	 the	 flow	cytometry,	 which	 should	 be	 checked	 by	running	 the	DnaA	sample	often	during	 the	analysis,	which	we	forgot.	The	only	way	to	make	sure	such	things	did	not	happen	is	to	continuously	 run	 our	 samples	 with	 the	DnaA	 sample,	 so	 we	 can	 observe	 any	changes.	Appendix	1	shows	RUC1550	at	an	OD450	of	0.1,	where	it	 is	diluted	and	where	it	is	not	diluted.	The	diluted	is	clearly	more	squished	 to	 the	 left	 side,	 and	 it	 is	 therefor	harder	 to	 compare	with	 the	DnaA	 sample,	and	 it	 is	 also	 harder	 to	 identify	 the	individual	 peaks.	 If	 examine	 figure	 28A,	which	 shows	 RUC1602,	 and	 figure	 29A,	which	 shows	 RUC1603,	 both	 histograms	are	 alike.	 Both	 strains,	 RUC1602	 and	RUC1603,	 should	 be	 very	 much	 alike	genetically.	This	was	also	what	 the	 results	suggested;	 they	 both	 look	 very	 similar	 to	RUC1553	and	not	RUC1550.	
4.2.4	 Sources	 of	 errors	 in	 flow	 cytometry	There	are	a	lot	of	error	sources	during	the	growth	 of	 the	 strains	 and	 the	 run	 of	 the	samples	 in	 the	 flow	 cytometer.	 When	 the	samples	are	taken,	the	four	flasks	with	the	strains	and	minimal	media	are	taken	out	of	the	 incubator.	 This	 result	 in	 a	 time	where	there	 is	 no	 shaking	 and	 possible	 not	enough	 oxygen	 for	 some	 of	 the	 cells.	 The	histograms	from	the	flow	cytometer	of	the	four	 strains	 show	 that	 the	 cells	 are	 not	well.	This	could	be	due	to	that	they	do	not	have	been	on	ice	all	time	except	when	they	were	not	centrifuged	and	the	supernatants	were	 removed.	 We	 were,	 however,	 very	aware	 of	 keeping	 the	 cells	 on	 ice	 for	 as	much	as	possible.	After	 the	 cells	 had	been	centrifuged	the	pellets	were	very	small	and	fragile.	It	was	therefore	difficult	to	remove	all	of	the	supernatant.	This	could	be	one	of	the	reasons	why	there	was	a	lot	of	noise	on	the	histograms.		
5	Konklusion	In	 the	current	work	we	have	attempted	 to	determine	 oxidative	 stress’	 effect	 on	 the	replication	 speed	 by	 examine	 E.	 coli	 cells	with	multiple	origins	 and	E.	coli	 cells	with	∆Dps.	 We	 have	 worked	 with	 methods	 as	P1vir	 transductions,	 flow	 cytometry	 and	FLP-FRT	 recombination.	 Throughout	 this	project	 we	 have	 encountered	 several	
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problems	during	our	experiments.	This	has	led	us	 to	only	 a	 few	 results	 in	 this	 limited	time	 period	 about	 how	 oxidative	 stress,	Dps	 and	 the	 insertion	 of	 ectopic	 origins	influence	 the	 replication	 speed.	 There	 are	some	 uncertainties	 about	 the	consequences	by	adding	one	or	two	ectopic	origins	 because	 only	 few	 studies	 address	this	subject.	Nevertheless	not	many	studies	have	 examined	 the	 correlation	 between	oxidative	stress	in	the	cell	and	the	number	of	 replication	 forks.	 During	 our	experimentations	 we	 were	 able	 to	 create	strains	 containing	 oriC	 and	 an	 ectopic	origin.	Tests	from	flow	cytometry	indicated	that	the	strains	had	the	inserted	origin.	We	did	 find	 a	 connection	 between	 ectopic	origins	 and	 slower	 replication	 speed.	 We	did	 however	 not	manage	 to	 create	 strains	with	∆Dps,	 so	 the	 question	 still	 stands	 if	Dps	does	have	an	effect	on	 the	 replication	speed.	 Generally	 further	 experiments	 and	analysis	 is	 needed	 to	 give	 any	 sort	 of	conclusions	 in	 relation	 to	 the	 correlation	between	 ectopic	 origins,	 Dps,	 oxidative	stress	and	the	replication	speed.		
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